Using a plasma-gas-condensation cluster deposition apparatus, Fe 22 Ni 78 clusters are deposited on substrates. When a bias voltage, V A , is applied to a substrate, neutral and charged clusters are formed in a plasma region and hard-landed on the substrate, forming dense Fe 22 Ni 78 cluster assembled films. For specimens prepared without introduction of O 2 gas into a sputtering chamber (the oxygen flow rate, R O2 ¼ 0 mol/s), the magnetic coercivity, H C , decreases, while the saturation magnetization, M S , increases as V A is increased up to 20 kV. The real part of magnetic permeability, 0 is very small for V A ¼ 0 kV and it becomes a few hundreds for V A ¼ 5$20 kV. For the dense Fe 22 Ni 78 clusterassembled films prepared at V A ¼ 20 kV with R O2 6 ¼ 0 mol/s, M S decreases, while the magnetic anisotropy field, H K , and the electrical resistivity, , increase, and the ferromagnetic resonance frequency, f FMR , increases up to a frequency ( f ) range of GHz. There are two magnetically optimized states: (1) 0 ¼ 760 at f ¼ 10 MHz for the specimen prepared at V A ¼ 20 kV with the oxygen flow rate, R O2 ¼ 0 mol/s and the Ar flow rate, R Ar ¼ 4:5 Â 10 À4 mol/s, and (2) 0 ¼ 370 at 10 MHz and f FMR ¼ 1:10 GHz for the one prepared at V A ¼ 20 kV with R O2 ¼ 3:7 Â 10 À8 mol/s and R Ar ¼ 4:5 Â 10 À4 mol/s.
Introduction
There are strong industrial demands for excellent soft magnetic thin films. Their electrical resistivity, , saturation magnetization, M S , and magnetic anisotropy field, H K , must be so high as to maintain high magnetic permeability in high frequency ranges. Nanocrystalline magnetic materials obtained by precipitation processes via heat treatments have been extensively studied, 1) because the saturation magnetization is much higher than the intact amorphous state, maintaining large electrical resistivity and soft magnetic characters. Recent cluster deposition techniques have provided another route for nanostructured materials. 2) In cluster assembled films where spherical or polyhedral clusters are generated in gas phases and randomly deposited on substrates to form their porous stacks, 2, 3) is two order larger than that of bulk materials, 4) M S is low, while the magnetic coercivity, H C , is rather high (a few tens kA/m) due to magnetic anisotropy of single domain particles and interparticle dipole interactions. 3, 5) Material density can be improved by energetic deposition of clusters, where electrically charged clusters impinge on electrically biased substrates. High-density Fe, Fe-Co and FeNi cluster assembled films thus obtained reveal a high cluster packing density of about 85%. 4, 6, 7) The values are still one order larger than those of the bulk alloys because a lot of boundaries between clusters can scatter conduction electrons. In these high density ferromagnetic cluster assembled films M S is large and the magnetic coercivity, H C , becomes negligibly small because many ferromagnetic clusters are ferromagnetically coupled by exchange interactions. 6, 8) In the high density Fe cluster assembled film, the real part of magnetic permeability is rather high:
0 ¼ 100 at a frequency, f ¼ 10 kHz. Such an excellent soft magnetic behavior is ascribed to suppression of the eddy current loss which is inversely proportional to f 2 =.
9)
A ferromagnetic resonance (FMR) is another factor of reducing 0 in GHz frequency ranges. There, the FMR frequency, f FMR , is proportional to ðM S H K Þ 1=2 and the initial permeability, i , is derived as follows:
The inherent tradeoff relationship between i and f FMR has been known as the Snoek limit in soft magnetic materials. In order to improve H K via minimizing dispersion of magnetic anisotropy the Fe-Co metal/oxide multi-layer films were produced by the cyclic deposition of Fe-Co alloy layers by dc magnetron sputtering and in-situ oxidation of their surface.
11)
In these films, Fe-Co layers are electrically separated by very thin oxide layers and are ferromagnetically coupled each other, leading to high M S and high values. In this study, we pay attention to a Fe 22 Ni 78 alloy, a well known as Permalloy, which shows a high static permeability and low coercivity but low electrical resistivity. It is expected that the value increase, while the saturation magnetization decrease in Fe 22 Ni 78 cluster assembled films. Its small magnetostriction is also attractive to suppress the magnetic anisotropy originated from the high stress and strain in Fe alloy cluster assemblies obtained by energetic deposition. Therefore, we prepare Fe 22 Ni 78 cluster-assembled films with and without adding O 2 gas in the cluster-forming chamber to control the degree of oxidization of cluster surfaces. We investigate their structure, morphology, and static and high-frequency magnetic properties through measurements by transmission electron microscope (TEM), electrical resistivity, superconducting quantum interference device (SQUID) magnetometer and high-frequency permeameter. Figure 1 shows a schematic drawing of the plasma-gascondensation cluster deposition (PGCCD) apparatus, 3, 12, 13) which is a combination of sputter vaporization and inert-gas condensation techniques. Using this apparatus, we could control cluster size between 5 to 15 nm in diameter by adjusting the sputtering power and gas pressure (see Fig. 1 ). A continuous Ar gas stream with a flow rate, R Ar ¼ 2:2$4:5 Â 10 À4 mol/s was injected into the sputtering chamber. Metal vapor was generated from the two facing Fe-20 at%Ni alloy targets where a magnetic field was applied perpendicular to the target surfaces. Clusters were nucleated in a high-pressure Ar gas atmosphere ($0:5 kPa) and grown in the space between the target and nozzle. O 2 gas with the flow rate, R O 2 ¼ 0$1:1 Â 10 À7 mol/s was also introduced into the cluster-forming chamber via the gas inlet. The cluster beam was extracted through the nozzle whose diameter was 5 mm first by a mechanical booster pump, MBP, and later by a composite molecular pump, CMP, via the nozzle and skimmer. Clusters were partially charged positively or negatively without an ionization process because they resided in the high inert gas plasma region where the electron and ion densities were very high. 13) When a positive electric voltage V A up to 20 kV was applied to the sample holder, negatively charged clusters were accelerated and deposited on a substrate, forming dense Fe 22 Ni 78 cluster-assembled film in the deposition chamber whose evacuated back pressure and working pressure during sputtering were 5:0 Â 10 À5 Pa and 1:8 Â 10 À1 Pa, respectively. Clusters were deposited on a microgrid, which was a carbon-coated colodion film supported by a Cu grid. Using a cold-cathode field emission-type TEM operating at 200 kV, morphology of Fe 22 Ni 78 clusters was observed as digitized data with a slow-scan charge coupled device (CCD) camera, selected area electron diffraction (SAD) patterns were taken on photo films. The chemical composition of specimens were determined to be Fe: 78 at% and Ni: 22 at% by an energy-dispersive X ray analyzer installed in the TEM. Fe 22 Ni 78 cluster assembled films with the area sizes 4 Â 7 mm and average thicknesses 400-500 nm were deposited on glass substrates. Using a conventional four-probe method, electrical resistivity was measured at 300 K in a constant-current mode. In-plane magnetic anisotropy was induced by a static magnetic field of about 32 kA/m, which was applied parallel to the substrate surface during the cluster deposition. Magnetization was measured along the hard-axis direction of these clusterassembled films using a SQUID magnetometer (Quantum design Co.), where the magnetic anisotropy field, H K was estimated by the inflection point of magnetization curves. Magnetic permeability was measured at 300 K along the hard-axis direction of these cluster-assembled films using a permeameter (RMF-3000, Ryowa Electron Co.) which consists of drive coil, measurement coil, and network analyzer. Drive coil generates high-frequency magnetic field, H ¼ H 0 e i!t and measurement coil detects B ¼ B 0 e ið!tÀÞ where is phase difference. Real permeability, 0 derive from B 0 cos =H 0 and imaginary permeability, 00 derive from B 0 sin =H 0 . Network analyzer measures B 0 , , and H 0 , hence real and imaginary permeability are evaluated.
Experimental Method

Results
Fe 22 Ni 78 clusters were first prepared at Fig. 4(a) , while these rings are detected in Fig. 4(b) . Those results clearly indicate that the oxidization of the cluster-assembled films in ambient atmosphere can be suppressed by applying the bias voltage, V A ¼ 15 kV; whereas the O 2 addition of R O 2 ¼ 11:0 Â 10 À8 mol/s into cluster-forming chamber is effective to partially oxidize Fe 22 Ni 78 clusters.
Magnetization (magnetization, M, versus magnetic field, H) curves were observed at 300 K for the 
Discussion
Referring to the previous results on Fe, Fe-Co and Fe-Ni cluster assemblies at V A 6 ¼ 0 kV and partially oxidized Fe cluster assemblies, we discuss magnetic properties of Fe 22 Ni 78 cluster-assembled films prepared at
As shown in Fig. 5 , M S increases from 0.26 to 0.81 Wb/m 2 as V A increases from 0 to 20 kV for the Fe 22 Ni 78 clusterassembled films prepared with R Ar ¼ 3:7 Â 10 À4 mol/s and R O 2 ¼ 0 mol/s, probably because M S is proportional to the packing fraction of clusters which increases with V A . 4, 6, 7) In our previous works, 4, 6) we estimated the volume fractions of Fe and Fe-Co cluster assembled films from their volumes and weights. The volume fractions were estimated to be 31-35% at V A ¼ 0 kV, and 83-86% at V A ¼ 20 kV. The results agreed with the relative saturation magnetization values of Fe and Fe-Co cluster assemble films prepared at V A ¼ 20 kV against that of bulk specimens, while it was larger than that of Fe-Co cluster assembled films prepared at V A < 15 kV owing to partial surface oxidation of Fe-Co clusters. 6) In this context, we can roughly estimate the packing fraction by M S (cluster-assembled film)/M S (0.9 T Wb/m 2 for bulk Permalloy) as follows: 29, 52, 66, 82, and 90% for the Fe 22 Ni 78 cluster-assembled films prepared at V A ¼ 0, 5, 10, 15 and 20 kV. The reduction of H C is also ascribed to the increase in the packing fraction of cluster assembled films, i.e., the decrease in the inter-cluster distance and the increase of contact area between clusters. 16) When the magnetic exchange coupling between the clusters becomes stronger and surpasses the crystalline anisotropy of individual clusters, the effective magnetic anisotropy constant of dense cluster assembled films is remarkably reduced, giving rise to the soft magnetic behaviors within Herzer's random anisotropy model. 8) In the Fe 22 Ni 78 cluster assembled films prepared at V A ¼ 10$20 kV with R Ar ¼ 3:7 Â 10 À4 mol/s and R O 2 ¼ 0 mol/s (see Fig. 7) , 0 is high (400) at 10 MHz, while H K is low (1.35 kA/m). In the film prepared at V A ¼ 5 kV with R Ar ¼ 3:7 Â 10 À4 mol/s and R O 2 ¼ 0 mol/s, 0 is low (80) at 10 MHz, but H K is high (4.77 kA/m). These results are consistent with eq. (1). Since the average value of M S is about 0.7 Wb/m 2 for the samples prepared at V A ¼ 10$20 kV and the oxidation of clusters is not severe, i is estimated to be 412 for H K ¼ 1:35 kA/m by eq. (1). In the sample prepared at V A ¼ 5 kV, the oxidation of clusters is remarkable due to the porous stacking. When the antiferromagnetic or ferrimagnetic oxide layer and ferromagnetic Fe-Ni core are magnetically coupled, magnetic exchange anisotropy is introduced, 3, [17] [18] [19] Fig. 9(a) , moreover, f FMR increases for low R O 2 and decreases for high R O 2 . This result is also consistent with the proportional relationship between f FMR and ðMs Â H K Þ 1=2 , because M S and H K inversely vary with R O 2 . The magnetization dynamics of insulating magnetic thin films is well described by the Landau-Lifshitz-Gilbert (LLG) equation . 20) It can be solved as a function of frequency, f ¼ !=2, by assuming that the effective field for the films is equal to the anisotropy field H K . The magnetic permeability along the hard axis is expressed as follows:
where w k ¼ 0 H K , and w m ¼ 0 M S , and is a gyromagnetic ratio, a phenomenological damping factor. Figure 10 shows the real and imaginary parts of the magnetic permeability calculated by eq. (2) À8 mol/s. In this calculation, the measured values of M S and H K were used, with setting ¼ 1:76 Â 10 11 (Ts) À1 and the damping factor, ¼ 0:02. The marked discrepancies between the experimental and calculated 0 and 00 curves in the very high f range is attributed to a shortage of the LLG equation. In Fig. 10 (a) ( ¼ 0:93 mm for the film prepared with R O 2 ¼ 0 mol/s), the measured 0 is fitted with the LLG result for f < 100 MHz. As f is increased, the measured 0 monotonically decreases, while the calculated 0 slightly increases in the range of 100-800 MHz, they deviate each other for f > 100 MHz because of the eddy-current loss. On the other hand, in Fig. 11(b 
Conclusions
Fe 22 Ni 78 clusters-assembled films were prepared on electrically biased substrates using a PGCCD apparatus. 
